Shear-wave splitting above local earthquakes in the aftershock zone of the 2001, M w 7.6, Bhuj earthquake display a spatial variation of anisotropy related to crack orientation. At most seismic stations, the fast polarization directions are approximately NNE-SSW, parallel to the inferred directions of maximum horizontal stress, suggesting the dilatancy-induced anisotropy resulting from approximately stress-aligned parallel vertical microcracks. In contrast, the fast polarization directions at Station Samkhyali (SKL), very close to the epicentre of the main shock, are fault parallel, approximately EW and almost orthogonal to the stress-aligned polarizations elsewhere. APE modelling and observations elsewhere suggest that these are 90
I N T RO D U C T I O N
The existence of in situ anisotropy can be recognized by shearwave splitting (Crampin 1981 (Crampin , 1994 , where the orientation of the polarization of the leading split shear wave, ϕ and the time delay, δt, between two orthogonally polarized pulses are the two diagnostic parameters. Studies of stress-aligned shear-wave splitting in the crust in many places around the world (Crampin & Lovell 1991; Crampin 1994 Crampin , 1999 Volti & Crampin 2003a,b) have been interpreted as caused by stress-aligned fluid-filled microcracks in dilatancy-induced anisotropy. There are fluid-saturated microcracks in almost all rocks, and the only phenomenon that can give the preferred stress-aligned shear-wave polarizations, observed in almost all rocks in almost all geological and tectonic regimes, is stress-rates geodetically estimated to be from 1 to 10 mm yr −1 (Bilham & Gaur 2000; Bilham et al. 2002) . Bodin & Horton (2004) determined focal mechanisms from first motion studies of ∼500 aftershocks. Examining the distribution of nodal lines reveals a variety of focal mechanisms, which, taken as a whole, are consistent with NS-directed contraction and reverse slip on approximately EW-striking planes, in agreement with the eastwest trending structure in the Kutch Peninsula. Teleseismic focal mechanisms from various groups [USGS, ERI, Harvard Centroid Moment Tensor Catalogue (CMT)], and Antolik & Dreger (2003) indicate reverse faulting with nodal planes striking EW and dipping NS, consistent with NS contraction within the Indian plate.
Shear-wave splitting is a valuable tool for investigating spatial variations of stress. For the first time in NW India, we address crustal heterogeneity and stress in the crust related to the occurrence of earthquakes. Shear waves from Bhuj aftershocks show evidence of both conventional stress-aligned shear-wave polarizations and 90
• flips (Crampin et al. 2002) in the polarizations of the leading split shear waves.
D ATA A N D M E T H O D S
The data are aftershocks (M L 2.5-3.5) with clean, impulsive shearwave arrivals within the shear-wave window (sin
• , for a Poisson's ratio of 0.25), so that the shear waves are not disturbed by the S-P conversions outside the window . The events are recorded by a National Geophysical Research Institute (NGRI) local network (Fig. 1) . Only four Stations Chopadwa (CHP), Chobaria (CHB), Rapar (RPR) and Samkhyali (SKL) are close enough to the aftershocks to be within the shearwave window and can used for shear-wave splitting analysis. All stations have three-component seismometers, recorded at a sampling rate of 100 Hz. The depths of the selected events range from 10 to 35 km. The earthquakes are located using HYPO71 (Lee & Lahr 1975 ) and using the crustal velocity model (Table 1) obtained from the results of integrated geophysical modelling of the basement beneath Kutch (Gupta et al. 2001) . It is justified from the results of controlled-source seismic sounding close to the aftershock zone. It suggests a Moho depth of 40-43 km and a variation from 37 to 45 km in most of the Kutch region (Reddy et al. 2001) . All the events are located by more than six stations with an average RMS < 0.1 s, and hypocentre locations are accurate to 1-2 km.
The earthquakes have magnitudes M L 2.5-3.5, and the bulk of the energy is in frequencies higher than 10 Hz. The horizontal components are rotated into the radial (earthquake-to-station azimuth) and transverse directions. Polarization diagrams (PDs), or hodograms, of the horizontal particle motion (Fig. 2) are used for shear-wave splitting analysis. The PD (Fig. 2) shows clear first-motion directions of the fast shear-wave arrival (S1), followed by a change in direction several milliseconds later at the slow arrival (S2).
The cross-correlation method is used for analysis (Shih & Meyer 1990 ). The two horizontal-component seismograms are rotated clockwise from north (0 • ) to east (90 • ) in steps of 5
• . The crosscorrelation coefficients between the two rotated waveforms in the time window are computed for lags between +0.5 s and −0.5 s with an increment of 0.01 s. When the absolute value of the crosscorrelation coefficient reaches a maximum, that rotation is regarded as the fast polarization direction, and the lag is estimated as the delay between the fast and slow split shear waves. Events with crosscorrelation coefficients greater than 0.85 are used to eliminate noisy and complicated seismograms. Fast polarization directions and delay times could be measured for most events with uncertainties less than ±10
• and ±30 ms, respectively.
D I S C U S S I O N O F R E S U LT S
Clear shear-wave splitting with consistent leading shear-wave polarizations and identifiable fast and slow shear-wave arrivals are strong evidence that the observed polarization alignments are the result of seismic anisotropy (Crampin 1993a (Crampin , 1994 . The shear-wave splitting of the Bhuj aftershocks show a spatial variation of anisotropy related to the crack orientation. The fast polarization directions, ϕ, are approximately NNE-SSW (N20 • E for Station RPR as shown in Fig. 2b ), subparallel to the direction of maximum horizontal stress, suggesting dilatancy-induced anisotropy resulting from nearly parallel stress-aligned vertical cracks. In contrast, the fast directions at Station SKL are fault parallel, approximately EW (Fig. 2a) , and generally orthogonal to the stress-aligned polarizations elsewhere suggesting 90
• flips in shear-wave polarizations (Crampin et al. 2002) . APE modelling shows that critically high pore-fluid pressures on all seismogenic faults rearrange local crack orientations to be perpendicular, not parallel, to the overall direction of maximum horizontal stress for directions close to the plane of the fault. This leads to 90
• flips in shear-wave polarizations (Crampin & Zatsepin 1997; Crampin et al. 2002; . 90
• flips also suggests a localized stress change near the Station SKL with the different fault orientations, as is evident from the focal mechanisms of events discussed subsequently. These fault-parallel crack orientations are confirmed by Tadokoro et al. (1999) and Zhang & Schwartz (1994) . They suggested that fault-parallel polarizations indicate new fractures parallel to fault strikes produced by the shear faulting of the main shock in the fault zone of 1995 Kobe and 1989 Loma Prieta earthquakes, respectively. However, fluid-saturated fractures and cracks will not remain open perpendicular to the maximum horizontal stress, unless there is a high pore-fluid pressure as suggested by the 90
• -flip phenomenon (Crampin et al. 2002; ). In the terrains where rocks have strong metamorphic foliation fabrics, mineral alignment may also control anisotropy. For example, Mylonites are shown to be highly anisotropic and to be prevalent in fault zones, as evident in the Alpine Fault Zone (Okaya et al. 1995) . However, foliation fabrics will not in general be oriented so that parallel stress-aligned polarizations are observed within the shear-wave window at the surface.
We determined focal mechanisms of events from P-wave first motions, and reliable mechanisms are shown in Fig. 3 . The mechanisms that indicate the directions of maximum horizontal stress are also oriented approximately NS, perpendicular to the EW fault strike. This consistency suggests that the stress-oriented cracks are the origin of anisotropy, as suggested in numerous previous studies (Crampin 1987; Kanishima et al. 1987; Li et al. 1988; Volti & Crampin 2003a,b) . However, at Station SKL the observed fast directions are parallel to the fault strike. This could also imply changes in the tectonic stress field during the faulting of the near the 2001 Bhuj earthquake fault zone. However, this can only be confirmed by carrying out hydrofracturing tests at depths in the borehole drilled into the fault zone that will reveal the actual direction of principal maximum compressional axis. Without such observations, we assume that new fractures parallel to the fault strike may have been produced by the shear faulting during the 2001 Bhuj earthquake. The new understanding of fluid-rock interaction (APE) provides the mechanism for opening such fault-parallel cracks approximately perpendicular to the direction of maximum horizontal stress by the The maximum horizontal stress direction (NS to NNE-SSW) in the study area is shown by an arrow (Li et al. 2002) . The tectonic features are: ABF-Allah Bund Fault; IBF-Island Belt Fault; KF-Katrol Fault and KMF-Kutch Mainland Fault. The focal mechanism of the main shock is shown to the right of the figure. effects of critically high pore-fluid pressures near all seismogenic fault planes (Crampin et al. 2002) . The existence of high pore-fluid pressures is supported by tomographic evidence of the presence of fluids near the hypocentre characterized by high Poisson's ratios (Kayal et al. 2002; Mishra & Zhao 2003) . 90
• flips in the high pressures near sources on small faults will revert to stress-parallel polarizations as the wave propagates through the normally pressurized rocks along the remainder of the path to the surface. This means that time delays of shear-wave splitting at the surface are a combination of 90
• flips (negative delays) near the fault and conventional polarizations (positive delays) along the normally pressurized path to the surface. This results in the typical ±80 per cent scatter in shear-wave splitting time delays always observed above small earthquakes , which have no other explanations (Volti & Crampin 2003a) . Systematic changes in time delays of shear-wave splitting, superimposed on the ±80 per cent scatter, have identified, with hindsight, the accumulation of stress before some 15 earthquakes worldwide Volti & Crampin 2003a,b) ranging in magnitude from a M1.7 swarm event in Iceland ) to the 1999 Ms 7.7 Chi-Chi earthquake in Taiwan (Crampin & Gao 2005 ). On one occasion, the time, magnitude and fault break of an M5 earthquake in SW Iceland was successfully stress forecast in real time . These were studies of shear-wave splitting when stress was accumulating before a main shock. Aftershock sequences are where stresses are rapidly adjusting to the effects of the large stress release by the main shock, and no systematic variation of time delays has yet been recognized in aftershock sequences (Crampin & Gao 2005) . Perhaps not surprisingly, no systematic pattern could be identified in the Bhuj aftershocks studied here, and these are not shown.
The average path-normalized delay time, δt, at all stations varies from about 2 ms km −1 to 4 ms km −1 , except at Station SKL, where the large delay of up to 13 ms km −1 is observed. Station SKL also exhibits different fault orientations with fast direction parallel to fault strike. This suggests that the large time delay could be explained by 13 per cent velocity anisotropy in the immediate vicinity of fault zone, and is attributed to the structure along the ray path. However, the relationship of time delays to crack density depends critically on the Poisson's ratio and other parameters of the uncracked matrix rock. Thus, large time delays do not necessarily mean large crack densities (Crampin 1993b) . Thus, the high values reported in Iceland (Volti & Crampin 2003a,b) are believed to be associated with the high heat flow in Iceland, not to larger crack densities.
As there no indication of particularly high heat flow around Bhuj, a large degree of velocity anisotropy could be interpreted as a large crack density of up to ε = 0.2 as also observed at Bhuj by Mishra & Zhao (2003) . (Crack density is ε = N a 3 /v, where N is the number of thin circular cracks of radius a in volume v.) Crack density can also be estimated from the observed delays using the velocities of fast and slow split shear waves in Hudson (1981) by assuming that the ray paths propagate vertically in an anisotropic medium (with a Posson's ratio of 0.25), when ε = |δt|V S /L, where L is the length of a ray path in anisotropic medium. A crack density of 0.2 is very heavily fractured (Crampin 1999) , so fractured in fact that severe attenuation of the slower split shear wave would be expected and this is not observed. In these circumstances, shear-wave polarizations are also expected to show scatter. Such scatter of directions is characteristic of shear-wave splitting above small earthquakes Crampin 1994) . Fig. 4 shows equal-area polar projections of polarization arrivals within the shear-wave window CHB, CHP, RPR and SKL. The major feature is that the polarizations at SKL are approximately orthogonal to those at those at the other three stations. We interpret this as 90
• flips caused by critically high pore-fluid pressures close to the fault plane (Crampin et al. 2002) .
Note that exact orthogonality is not expected. Split shear-waves propagating at the group velocity are not strictly orthogonal except in specific symmetry directions (Crampin 1981) , and in any case the angle between shear waves recorded at the surface instruments is modified for all except strictly vertical incidence.
Note also that polarizations and time delays through all anisotropic media vary with incidence angle and azimuthal direction, even through such comparatively simple structures as aligned microcracks (Crampin 1981 (Crampin , 1999 . This means that polarizations and time delays from any earthquake may be different at different stations even within the shear wave, as is demonstrated by a great many observations in the field. These differences may yield polar- izations that differ by 90
• (Crampin 1999) , and time delays that may have a ±80 per cent scatter ).
C O N C L U S I O N S
Analysis of shear-wave splitting of the 2001 Bhuj aftershock sequence detects both stress-induced and fault-parallel anisotropy broadly consistent with observations above small earthquakes elsewhere. The fast polarizations are in general subparallel to the direction of regional compressive stress. However, Station SKL exhibits fault-parallel polarizations (90
• flips) and exceptionally high levels of time delays. These 90
• flips appear to be associated with critically high pore-fluid pressures in the seismogenic fault zone persisting to near enough to the surface to be observed (Crampin et al. 2002) . Elsewhere, such 90
• flips, leading to approximately fault-parallel polarizations, have previously been observed above small earthquakes in two circumstances.
(1) Above major faults extending to close to the surface such as the San Andreas, in California (Liu et al. 1997) , and the Húsavík-Flatey transform fault of the Mid-Atlantic Ridge where it runs onshore in Iceland (Crampin et al. 2002) .
(2) In NE Brazil, 90
• flips were observed above small very shallow earthquakes, where the normally pressurized paths to the surface were too short to reverse the 90
• -flipped polarizations near the fault plane .
Since the earthquakes are too deep, averaging 23 km, for Item (2) to apply, it appears that Kutch Mainland Fault is a major feature allowing the high pore-fluid pressures on the 23-km-deep seismogenic section of the fault to persist to near the surface.
The large time delay could be explained by ∼13 per cent velocity anisotropy in the immediate vicinity of the fault zone, and is attributed to the structure along the ray path.
These various analyses are consistent with the predictions of APE modelling. The fault-parallel shear-wave polarization which, except for very shallow seismicity, have only been observed above major faults, suggest that the Kutch Mainland Fault is also a major fault that cuts the whole crust, so that the critically high pore-fluid pressures on all seismogenic faults persist to near the surface.
A C K N O W L E D G M E N T S
We thank the careful reviews of the editor, Dr Thorsten Becker and two anonymous reviewers that significantly improved the manuscript. Professor Masataka Ando is thanked for his critical comments on the paper. Dr Harsh K. Gupta is thanked for his thoughtful reading and corrections and Dr V. P. Dimri, Director, National Geophysical Research Institute, for his kind permission to publish. Recent papers are available at http://www.geos.ed.ac.uk/ homes/scrampin/opinion/.
